Purpose: Diffusion kurtosis (DK) imaging is a variant of conventional diffusion magnetic resonance (MR) imaging that allows assessment of non-Gaussian diffusion. Fast DK imaging expedites the procedure by decreasing both scan time (acquiring the minimally required number of b-values) and computation time (obviating least-square curve fitting). This study aimed to investigate the applicability of fast DK imaging for both cerebral gray matter and white matter as a quantitative method. Methods: Seventeen healthy volunteers were recruited and each provided written informed consent before participation. On a 3-Tesla clinical MR system, diffusion imaging was performed with 12 b-values ranging from 0 to 4000 s/mm 2 . Diffusion encoding was along three orthogonal directions (slice selection, phase encoding, and frequency encoding) in separate series. Candidate b-values were chosen by first determining the maximum b-value (b max ) in the context of signal-to-noise ratio and then assessing the model fidelity for all b-value combinations within b max . Diffusion coefficient (D) and diffusion kurtosis coefficient (K) were derived from these candidates and assessed for their dependence on b-value combination. Results: Our data suggested b max to be 2200 s/mm 2 as a trade-off between the percentage (~80%) of voxels statistically detectable against background and the sensitivity to non-Gaussian diffusion in both gray matter and white matter. The measurement dependence on b-value was observed predominantly in areas with a considerable amount of cerebrospinal fluid. In most gray matter and white matter, b-value combinations do not cause statistical difference in the calculated D and K. Conclusions: For fast DK imaging to be quantitatively applicable in both gray matter and white matter, b max should be chosen to ensure adequate signal-to-noise ratio in the majority of gray/white matter and the two nonzero b-values should be chosen in consideration of model fidelity to mitigate the dependence of derived indices on b-values.
INTRODUCTION

Diffusion tensor magnetic resonance (MR) imaging
1,2 is a technique sensitive to anisotropic microscopic motion of water molecules, allowing contrast-material-free assessment of white matter pathway and integrity under the assumption that the diffusion displacement distribution is Gaussian. Although empirically practicable, the assumption has been shown inadequate. 3, 4 While diffusion-weighted signal's dependence on the "direction" of diffusion encoding indicates anisotropy, the observation that the derived diffusion indices vary with the "magnitude" of diffusion encoding (quantified by b-value) suggests deviation from Gaussian diffusion. Several methods have been documented to account for non-Gaussian diffusion. [4] [5] [6] [7] [8] [9] [10] [11] [12] These methods generally require prolonged scan time to estimate the diffusion pattern in each voxel by acquiring data at varied magnitudes and/or directions of diffusion encoding. In diffusion kurtosis (DK) imaging, 7 diffusion kurtosis coefficient K is introduced into the signal model such that
where b is the b-value and D is diffusion coefficient. S(b) and S 0 are the signal obtained with and without diffusion encoding, respectively. K is zero for Gaussian diffusion and quantifies the extent of non-Gaussianity, an indicator of heterogeneous and restricted diffusion. This allows better modeling of the complexity of biological microstructure and may provide added sensitivity in detecting pathophysiologic alterations. [13] [14] [15] To reduce the scan time, Jensen et al 16 proposed fast DK imaging by sampling the diffusion-induced signal attenuation with three b-values (the minimum required to solve Eq. (1)) in each direction. As compared with other non-Gaussian methods, fast DK imaging obviates nonlinear fittings and is therefore computationally efficient (see Section 2). However, it remains unclear how well these samples represent the signal attenuation in relation to signal-to-noise ratio when both gray matter and white matter are of interest. For example, while b-values beyond 3000 s/mm 2 are not uncommonly adopted for the purpose of fiber tracking, 17, 18 the derived indices may have low reliability in gray matter due to low signal-to-noise ratio.
In this study, we investigated the applicability of fast DK MR imaging for both cerebral gray matter and white matter as a quantitative method in the context of signal-to-noise ratio and model fidelity.
MATERIALS AND METHODS
2.A. Subjects
The Institutional Review Board approved this study. Seventeen healthy volunteers (9 women, 8 men, age = 36-54 yr) were recruited and each provided written informed consent before participation. In the scanner, the subjects were given earplugs to shield acoustic noise, placed in a supine and head-first position, and firmly stabilized with foam pads.
2.B. MR imaging
All MR imaging was performed on a 3-Tesla clinical system (Tim Trio, Siemens, Erlangen, Germany) using the body coil transmitter and a 12-channel phased-array head coil receiver. Diffusion-weighted imaging was based on a twicerefocused spin-echo two-dimensional echo-planar sequence. Twenty-five 4-mm thick slices were prescribed parallel to the anterior commissure-posterior commissure line. TR = 4 s, TE = 124 ms, field-of-view = 20 cm, in-plane matrix = 98 9 98, generalized auto-calibrating partially parallel acquisition acceleration factor = 3, and eight repetitions. Diffusion encoding was applied along three orthogonal directions (slice selection, phase encoding, and frequency encoding) in separate series, each of which comprised 12 b-values (0, 400, 550, 700, 850, 1100, 1400, 1700, 2200, 2700, 3200, and 4000 s/mm 2 ). The smallest nonzero b-value was chosen to avoid the intravascular signal that had been observed at bvalues below 200 s/mm 2 . 5 The largest b-value was chosen according to a previous study. 19 Of note, some studies 20 suggested that diffusion encoding should be applied along at least 15 noncollinear directions to estimate mean kurtosis. However, the scan time will be impracticably long (over an hour) for our experimental design which requires a series of b-values and repetitions to examine b-value dependence and signal-to-noise ratio effect. Three orthogonal directions of diffusion encoding were thus adopted for two rationales. First, previous studies 7, 21, 22 have done so and did not report remarkable error/bias. Second, the theoretical benefit of applying more directions of diffusion encoding is only obtainable if each direction is free of (or has negligible) error/bias related to b-value and signal-to-noise ratio.
2.C. Image processing
Diffusion-weighted images were corrected for eddy current artifact following the method described in Ref. 23 . Rigid realignment was performed to remove head motion during the scan. For per-subject analysis, baseline images (i.e., b = 0) were segmented to generate masks for gray matter and white matter using the Statistical Parametric Mapping software (http://www.fil.ion.ucl.ac.uk) and a probability threshold of 0.90. For group analysis, a study-specific template was generated from the baseline images of all subjects using an iterative procedure similar to Ref. 24 . Briefly, individual baseline images were averaged to create a template to which each individual baseline images were nonrigidly registered. The registered individual images were then averaged to update the template. The procedure continued until there was no remarkable change from the last iteration result. For our purpose, four iterations provided a satisfactory result. The calculated index maps of individual subjects were normalized to this template and then normalized to the Montreal Neurological Institute template.
To examine the effect of signal-to-noise ratio, the following analyses were performed for data averaged over eight repetitions and two repetitions (randomly selected from the eight repetitions), respectively.
2.D. Noise-level estimation
Noise distribution was estimated from the signals in the background without noticeable artifacts. Signal threshold was created (at a significance level of 0.005) and the voxels with signals above the threshold were deemed statistically detectable and therefore eligible for index calculation and model assessment. The significance level was set lower than commonly adopted (0.05) to account for multiple comparisons and the deviation of noise from normal distribution after parallel imaging reconstruction. Note that the same significance level may correspond to different signal thresholds across subjects because MR signal is in arbitrary units. The
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2.E. D and K calculation
For each subject and on a voxel-wise basis, D and K were calculated with closed-form equations:
where b 
The calculation was performed for all combinations of b 1 and b 2 within b max . D and K were calculated for each direction separately and averaged across directions.
2.F. Model assessment
For each combination of b 1 and b 2 within b max , the D and K calculated above were used to estimate the signals at all b-values (also within b max ) according to Eq. (1). The estimated signals (S') and experimental signals (S) were then used to calculate the effect size of the model:
where N b is the number of b-values included. R 2 was calculated as a measure of how well the model fit the experimental data and tested for significance using the F statistic:
The statistic has an F distribution with degrees of freedom 2 and N b -3. Figure 1 shows the diffusion-weighed images and index maps obtained from a representative subject. As shown in Fig. 1 , the percentage of detectable voxels decreases when b increases. The decrease is faster in gray matter than in white matter and when signal-to-noise ratio is low (2 averages vs. 8 averages). Over 80% of white matter voxels remain detectable with 2 averages and b-values up to 3200 s/mm 2 . In gray matter, the percentage of detectable voxels is barely 90% even with 8 averages and when b = 1400 s/mm 2 . As a trade-off between the percentage of detectable voxels (~80%) and sensitivity to non-Gaussian diffusion for both gray matter and white matter, b max was chosen to be 2200 s/mm 2 in the following context unless otherwise noted. Shown in Fig. 2 are example images and index maps.
RESULTS
3.A. Determination of b max
3.B. Model assessment
With b max = 2200 s/mm 2 , D, K, and R 2 were calculated for the b-value combinations listed in Table 1 . An R 2 ≥ 0.83 was considered to be statistically significant because F(2,6) = 14.54, P = 0.005 (bold-faced combinations). Figure 3 presents the percentage of voxels where the generated models statistically fit the experimental data. Overall, the models describe the data better in gray matter than in white matter and when signal-to-noise ratio is high. The percentage difference between gray matter white matter decreases when signal-to-noise ratio is increased (8 averages vs. 2 averages) and becomes negligible in a few combinations.
According to the results of 8 averages, six of the b-value combinations (bold-faced in Table 1 ) generated models that statistically fit the data in over 90% of the voxels in both gray matter and white matter. Group analysis followed for the D and K maps derived from these combinations. Repeated-measures analysis of variance was performed in search of voxels where the indices changed with the b-values used for calculation. Figure 4 shows the group average of D, K, and F statistic. When average = 2, F statistic is not significant in the majority of white matter. As seen in Fig. 5 , the dependence of D and K on b-values is more noticeable with 8 averages than 2 averages. The dependence is present predominantly in areas with a considerable amount of cerebrospinal fluid (e.g., the lateral fissure and ventricles). In most gray matter and white matter, b-value combinations do not cause statistical difference in the calculated D and K.
DISCUSSION
In comparison with other non-Gaussian diffusion MR imaging techniques, fast DK imaging is time efficient in data acquisition by sampling the minimally required number of bvalues and in index calculation by using closed-form equations. However, it is still under debate whether fast DK imaging can be quantitative, considering previous observation that the obtained D and K values vary with the b-values used. 25, 26 The b-value dependence was also noted in our results but found predominantly in areas containing a noticeable amount of cerebrospinal fluid after exclusion of the b-value combinations that did not statistically fit the data. In most gray matter and white matter, the D and K values do not exhibit statistical dependence on the b-values, which suggests that fast DK imaging can be quantitative if b-values are chosen in the context of model fidelity. The dependence on b-values is less noticeable when signal-to-noise ratio is low, under which condition however, the index calculation is more prone to variability. Although high signal-to-noise ratio accentuates the dependence of the obtained indices on b-values, one can A maximum b-value between 2000 and 3000 s/mm 2 has been recommended for conventional DK imaging. 20 The recommendation has been commonly adopted for the b 2 in fast DK imaging studies performed with a wide range of signal-to-noise ratio. To elucidate the effect of signal-tonoise ratio on b-value choice, we used a voxel size of 16 29 and 27 mm 313 ) while other imaging settings (e.g., TR, TE, and acceleration factor) were adjusted such that their overall contribution to signal-tonoise ratio was approximately comparable with these related studies. According to our data, about 78% and 66% of gray matter were statistically distinguishable from background noise when b = 2200 and 2700 s/mm 2 , respectively, and on a basis of two averages. In many previous studies, multiple acquisitions were averaged for the image of b = 0 but only one acquisition was obtained for nonzero b-values (e.g., b max = 2500, 30 index calculation, which may lead to inconsistent findings and interpretation. Also note that partial volume effect 32 cannot be completely ruled out considering the relatively large voxel size used in our study as compared with commonly adopted in conventional diffusion-weighting imaging. The effect was mitigated by using gray/white matter masks in our data analysis.
It is worth mentioning that we used a relatively long TE to accommodate b = 4000 s/mm 2 and elucidate the effect of signal-to-noise in relation to b-value. Given that our data suggest b max = 2200 s/mm 2 , TE can be shortened to increase signal-to-noise ratio and with which the number of averages can be decreased. The spared time can then be used to acquire data along more directions of diffusion encoding to meet the requirement for kurtosis tensor calculation. Additionally, one can use variable average numbers for different bvalues to further decrease scan time or selectively increase signal-to-noise ratio for specific b-values. In contrast to gray matter, white matter is largely detectable against background noise even with two averages and b > 3000 s/mm 2 . However, only in about half of white matter is the variance of experimental data statistically accountable by the model generated with two averages. In general, F is lower in white matter as compared with gray matter, particularly in areas composed of highly anisotropic fibers (e.g., corpus callosum), suggesting that the optimal b max could be greater than 2200 s/mm 2 . However, further increase in b max compromises index calculation in gray matter. Given that both gray matter and white matter are of interest and therefore trade-off in b max selection is inevitable, one can improve model fidelity by increasing the number of averages to enhance signal-to-noise ratio. Another alternative is to acquire data with one additional b-value (e.g., 3000 s/mm 2 ) and use it as the b max for white matter. Both alternatives are at the expense of increased scan time.
Largely found in areas containing cerebrospinal fluid, the dependence of D and K on b-values is less noticeable in our data when signal-to-noise ratio is low, presumably due to the greater variance in measurement that decreases the statistical power in detecting the effect of b-values (i.e., the within-subject effect in repeated-measures analysis of variance). Further, the dependence is smaller with K than with D, an observation qualitatively in agreement with a recent conventional DK imaging study 33 in which kurtosis metrics were shown to be less sensitive to partial volume effect of cerebrospinal fluid in cortical gray matter than diffusion metrics.
A few limitations of this study should be noted. First, we did not exhaustively investigate the imaging settings related to signal-to-noise ratio. Instead, we analyzed data based on two different average numbers to represent low and high signal-to-noise ratios, respectively. Second, the number and interval of b-values were not numerically optimized. 34, 35 Note that the optimization is also dependent on signal-to-noise ratio which varies from study to study. In addition, different imaging settings may end up with comparable signal-to-noise ratio and generalization of imaging settings may not be always possible (e.g., due to hardware specification and clinical scan time constraints). Inclusion of b-value optimization may improve the F values reported in this study but should not change the conclusion. Third, we used three directions of diffusion encoding (as reported in several studies 7, 21, 22 ) rather than 15, the minimum directions required to determine the kurtosis tensor. Several studies 19, 29, 30 followed this theoretical guideline but obtained only one acquisition for each direction to keep the scan time tolerable, in which condition, however, the signal-to-noise ratio might not be adequate to support reliable measurement. The measurement variance in each direction may cause bias and/or error in tensor calculation, which warrants further investigation and is beyond the present study's scope. Our intention is to show whether DK imaging-derived indices can be quantitative in the sense of being b-value-independent. Nonetheless, we acknowledge that there is no kurtosis tensor obtainable in this study and the K values reported here might not represent the mean kurtosis. However, while including more encoding directions may provide further information, the benefit is only obtainable if signal-to-noise ratio and model fidelity are both accounted for.
CONCLUSIONS
For fast DK imaging to be quantitatively applicable in both gray matter and white matter, b max should be chosen to ensure adequate signal-to-noise ratio in the majority of gray/ white matter and 2200 s/mm 2 is recommended for imaging settings that yield signal-to-noise ratio comparable to our study. The two nonzero b-values should be chosen in consideration of model fidelity to mitigate the dependence of derived indices on b-values.
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